The bone resorbing cells, osteoclasts, express high levels of carbonic anhydrase II (CA II) and vacuolar H+-ATPase (VATPase) during bone resorption. We have used antisense RNA and DNA molecules targeted against CA II, and against 16-and 60-kD subunits of vacuolar H+-ATPase (V-ATPase), to block the expression of these proteins in vitro. Osteoclastic bone resorption was studied in two in vitro culture systems: release of 45Calcium from prelabeled newborn mouse calvaria cultures, and resorption pit assays performed with rat osteoclasts cultured on bovine bone slices. Both antisense RNA and DNA against CA II and the V-ATPase were used to compare their specificities as regards inhibiting bone resorption in vitro. The antisense molecules inhibited the synthesis of these proteins by decreasing the amounts of mRNA in the cells in a highly specific manner. In osteoclast cultures treated with the 16-kD VATPase antisense RNA, acidification of an unknown population of intracellular vesicles was highly stimulated. The acidification of these vesicles was not sensitive to amiloride or bafilomycin Al. This suggests the existence of a back-up system for acidification of intracellular vesicles, when the expression of the V-ATPase is blocked. Our results further indicate that blocking the expression of CA II and V-ATPase with antisense RNA or DNA leads to decreased bone resorption. (J.
Introduction
Osteoclastic bone resorption is a multistep process in which osteoclast precursors are activated to form mature osteoclasts. The osteoclast is a rapidly moving cell which cycles between resorptive and nonresorptive phases ( 1 ) . Osteoclasts resorb inorganic bone matrix by producing acid: a vacuolar H+-ATPase (V-ATPase)' pumps protons into resorption lacunae, where a low pH is required for mineral dissolution (2, 3) . In the cytoplasm of osteoclasts, carbonic anhydrase II (CA II) generates 1 . Abbreviations used in this paper: AO, acridine orange; CA II, carbonic anhydrase II; cRT-PCR, competitive RT-PCR; RT-PCR, reverse transcription PCR; V-ATPase, vacuolar H+-ATPase; VSV, vesicular stomatitis virus.
protons for the vacuolar proton pump (4) (5) (6) . The expression of these enzymes is dependent on the resorptive phase of the osteoclast (7) . In resorbing osteoclasts, both CA II and V-ATPase are highly expressed, whereas in nonresorbing osteoclasts only a low basal expression is maintained.
Antisense RNA and DNA molecules inhibit the translation of specific proteins in vitro and in vivo. These molecules are capable of entering living cells and hybridizing to their target mRNA. This most probably results in degradation of the mRNA by RNAse H, and thus inhibition of protein synthesis (8) . Up to 95% inhibition of protein synthesis has been reported. The mechanism for uptake of short or long nucleic acids in eukaryotic cells is unknown. An 80-kD membrane protein has been suggested to be involved in oligonucleotide transport into cells by a mechanism resembling receptor-mediated endocytosis (9) . Short antisense DNA-oligos have been used to inhibit DNA synthesis and mitosis ( 10) , as well as cell proliferation ( 11) . Antisense RNA molecules have also been used in similar studies, even though the half-life of exogenous RNA is probably very short (12) (13) (14) (15) .
Earlier studies have shown that enzyme inhibitors against carbonic anhydrases and V-ATPase can be used to inhibit bone resorption (6, 16, 17) . Antisense mRNA against the catalytic 70-kD subunit of V-ATPase has been used to inhibit carrot tonoplast H+-ATPase in vivo (18) . In this investigation we studied the roles of V-ATPase and CA II on osteoclastic bone resorption in vitro, using antisense technology. Expression of CA II and the 16-and 60-kD subunits of V-ATPase was blocked by antisense RNA and DNA. The V-ATPase subunits were chosen on the basis of their vital role for the function of the enzyme (19) . Short 18-nt DNA-fragments, and up to 1,100-nt RNA-fragments were used to study their usefulness, effects and specificity in the inhibition of bone resorption in vitro. The effects of antisense molecules on resorption activity and protein synthesis, as well as on acidification ofintracellular vesicles, were studied in cultured rat osteoclasts and mouse calvaria.
Methods
The cDNAs coding for the bovine 16-kD V-ATPase subunit (obtained from Dr. Nelson, Roche Institute, Nutley, NJ) (20) and mouse CA II (obtained from Dr. Curtis, Wistar Institute, Philadelphia, PA) (21) were subcloned into pGEM-3Z (Promega, Madison, WI) using standard procedures (22, 23) . For in vitro transcription, the plasmids containing the cDNA were digested to obtain linear templates. All restriction enzymes were purchased from Boehringer Mannheim GmbH (Mannheim, Germany) and other DNA-modifying enzymes from Promega. In vitro transcription was performed using T7 and SP6 RNA polymerase according to Promega's instructions, and antisense or sense RNA-molecules were used at a concentration of 1 ,g/ml. rRNAsin (Promega) at 50 U/ml was added to the culture medium 15 min before experiments, samples with no nucleotide addition were used as controls. X-DNA digested with EcoRI was used as an extra non-sense control in all experiments. Statistical significances were determined by variance analysis and Student's t test using Bonferroni's adjustment.
The homology between 16-and 60-kD V-ATPase subunits from different sources is very high, and oligonucleotides were chosen from areas with 100% interspecies homology. Normal and phosphorothioate (S)-DNA-oligonucleotides (24) were synthesized by use of an Applied Biosystems DNA-synthesizer (Applied Biosystems, Inc., Foster City, CA). After synthesis, the oligonucleotides were detached from the column with 25% ammonia solution (+550C overnight), vacuum dried, and dissolved in water. Oligonucleotides were purified by PAGE electrophoresis following ethanol precipitation, and dissolved again in water. The oligonucleotides were used at a concentration of I Mg/ml.
For the in vitro resorption pit assay, 2-3-d-old Sprague-Dawley rat osteoclasts were cultured on bovine cortical bone slices as previously described (25) . Antisense or sense RNA/DNA was added to the culture medium, and cells were cultured for 24 h (+370C, 5% C02). To determine the resorption activity, cells were fixed with 3% paraformaldehyde + 0.2% saccharose and stained with 1% toluidine blue + 1% sodium borate. Cells with at least three nuclei were counted as osteoclasts. After this, the bone slices were brushed free of cells and the resorption lacunae stained with wheat germ agglutinin-lectin (Sigma Chemical Co., St. Louis, MO). Bone slices were incubated for 20 min in peroxidase-conjugated WGA-lectin (20 Mg/ml), washed with PBS, and incubated for 15 min in diaminobenzidine (0.5 mg/ml) + 0.03% H202. Morphometric analysis of the resorption pits was performed with an MCID-image analyzer utilizing M2-software (Imaging Research Inc., Brock University, Ontario, Canada).
The effects of antisense RNA and DNA on the corresponding mRNA and protein levels were studied by immunostaining, immunoprecipitation, and quantitative RT-PCR (cRT-PCR; 26, 27) . For immunostaining of CA II in osteoclasts, rat osteoclasts were cultured in the presence of CA II antisense or sense RNA/DNA and fixed. CA II protein was detected using polyclonal CA II antibodies and rhodamineconjugated swine anti-rabbit immunoglobulins (DAKOPATTS A/S, Glostrup, Denmark) as previously described (6) .
For CA II immunoprecipitation, rat osteoclasts were cultured with CA II antisense or sense RNA/ DNA, and then transferred to labeling medium containing 50 MCi [35S]methionine. After 4 h, the cells were washed three times, and disrupted by sonication ( 10 mM Tris-HCI, pH 7.5, 2 mM EDTA, 10 mM NaCl, 0.5% Triton X-100, 0.3% SDS, 50,OM PMSF). Samples were taken for scintillation counting, and CA II protein was immunoprecipitated with polyclonal antibodies bound to protein A sepharose CL (Sigma Chemical Co.) (28). The immunoprecipitate was washed twice (50 mM Tris-HCl, pH 8.3, 0.6 M NaCl, 1 nM N-octylglucoside), centrifuged and the final precipitate was dissolved in SDS-PAGE loading buffer. Samples for scintillation counting were taken, and counted. After electrophoresis, the 10% SDS-gel was fixed with 50% methanol + 12% acetic acid, immersed in EN3HANCE (DuPont NEN, Boston, MA), dried, and subjected to autoradiography.
For cRT-PCR, a 40-nt MaeII-ApaLI fragment was removed from the bovine 16-kD V-ATPase cDNA, and a 120-nt NdeI-BglII fragment from mouse CA II cDNA. The re-ligated cDNA's were used as templates for in vitro transcription, and the resulting RNA-molecules were used as internal standards in quantitative PCR (26) . Total RNA was isolated from four bone slices containing the cultured osteoclasts (7). The procedure for cRT-PCR was as follows: 50 ng of total RNA and 5 ng of standard RNA was mixed with 100 ng each of: RT-oligo (5'GAC-TCGAGTCGACATCGA 1 1 113', reverse PCRoligo (5'GACTCGAGTCGACATCG3') and gene-specific forward PCR-oligo (for V-ATPase: 5'CATGTCCGAGGCCAAGA3' and for CA II: 5'ACCATGTCCCACCACTG3'). RT-PCR was performed as previously described (7). Samples were run in 3% MetaPhor-agarose (FMC Corp., Rockland, ME) gels containing ethidium bromide (1 ug/ml).
cells. Various enzyme inhibitors were added to the osteoclast culture media together with antisense or sense RNA at the beginning of the culture, to characterize the acidification system induced by A-16-RNA. 1 mM amiloride was used to block the Na+/H' pump, and 0.1-10 nM bafilomycin Al was used to block V-ATPases. Cells were incubated in AO at 5 ,g/ml for 15 min at 370C, mounted in medium, and viewed under a microscope using a fluorescein filter.
To further study the acidification mechanism after A-16-RNA treatment, vesicular stomatitis virus (VSV) infection was used as a model for endosomal acidification. For these studies, osteoclasts were cultured for 24 h in the presence ofantisense or sense RNA, or 10 nM bafilomycin Al. Two plaque-forming units of VSV were added to the culture medium, and after 4 h the cultures were fixed. VSV G-protein inside osteoclasts was visualized by use of a polyclonal antibody, as previously described (29) .
For mouse calvarial cultures, l-d-old NMRI-mice were injected with 1.7 MACi 45Ca s.c., and the animals were allowed to grow for 5 d (30, 31 ) . The mice were sacrificed and calvaria dissected into culture medium (CMRL-1066, 0.1% BSA, 50 Ag gentamycin/ml, 100 U penicillin, 100 gg streptomycin/ml; GIBCO, Paisley, UK). Calvaria were preincubated for 1 d in CMRL-medium containing 0.5 gg indomethacin/ml (Dumex, Denmark) and 10 nM PTH (Sigma Chemical Co.). The calvaria were then cultured in CMRL-medium in the absence of indomethacin, and in the presence of PTH and antisense or sense nucleotides for an additional 3 d. Antisense or sense RNA/DNA was added every day to keep its amount as constant as possible. To measure the liberated and bound radioactivity, calvaria were dissolved in 6 M hydrocloric acid. Both the culture media and dissolved bone were counted in a scintillation counter. 200 osteoclasts each, were studied. The P values between sense and antisense, and control and antisense (in parenthesis) are shown as asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). (B) Bone resorption in mouse calvaria cultures treated with antisense or sense RNA/DNA±SD. The P values between sense and antisense, and control and antisense (in parenthesis) are shown as asterisks (*P < 0.05; **P < 0.01; ***P < 0.001; n = 20).
Results
The RNA/ DNA molecules used in this study are described in Table 1 . Fig. 1 A shows the effects of the different antisense RNAs and DNAs on the total resorbed areas per osteoclast in the resorption pit assay. Significant decreases in the resorbed areas/OC were seen after treatment with the antisense fragments tested. A-16-DNA and A-CA II-DNA inhibited bone resorption by 43 and 35%, respectively, compared with 69 and 51% inhibition obtained with the corresponding RNA fragments. The different sense DNAs, X-DNA fragments, or rRNase-inhibitor alone had no effect on bone resorption, and the data were pooled with the controls. This experiment showed that either antisense RNA or DNA could be used to inhibit bone resorption. However, the RNA molecules appeared to be more potent inhibitors of bone resorption than than the DNA molecules.
In the mouse calvariae experiments, significant inhibition ofbone resorption was also observed with the antisense RNAs/ DNAs (Fig. B) . The inhibitory effect of the antisense molecules varied between 9% (A-CA II-DNA) and 36% (A-CA II-RNA). The strongest inhibition was achieved in this model also with antisense RNA.
To check the effects ofnuclease-resistant DNA oligonucleotides on bone resorption, we compared these S-DNA-oligos with the corresponding normal DNA oligonucleotides. The data presented in Table II show that the protected antisense DNA molecules had no better inhibitory effect on bone resorption than the normal antisense DNAs. On the basis ofthis, we used normal antisense DNA oligonucleotides in further experiments. The antisense DNAs inhibited bone resorption in vitro dose dependently. As can be seen from Fig. 2 , as little as 0.1 gg of antisense DNA/ml inhibited bone resorption in the resorption pit assay, and the inhibitory effect increased when more antisense DNA was added.
To check for the ability of antisense molecules to block the synthesis of specific proteins, immunoprecipitation and cRT-PCR were used. The staining pattern for CA II in osteoclasts is shown in Fig. 3 . In Fig. 3, A and D Fig. 3, A, B , and C are from the same site, and D, E, and F represent the same site. CA II was highly expressed in the sense-treated, bone-resorbing osteoclasts (Fig.  3, A-C) . In the antisense-treated cultures, 89% of the osteoclasts were negative for CA II (Fig. 3, D and E) . None ofthese CA II-negative osteoclasts were resorbing bone at the time of fixation, as determined by the intact bone surface under these cells (Fig. 3 F) . In these experiments, both A-CA II RNA and DNA appeared to have similar effects.
To determine translation activity in the antisense-treated cultures, metabolically labeled CA II protein was immunoprecipitated by CA II antibodies (Fig. 4 A) . These results showed that antisense RNA (Fig. 4 A, lane 3) was somewhat more potent in inhibiting CA II synthesis than the corresponding DNA-oligo (Fig. 4 A, lane 5) . When samples were analyzed by scintillation counting after labeling and immunoprecipitation, we found no changes in the radioactivity of the samples after labeling (35 800±2760 cpm). After immunoprecipitation, radioactivity of the control was 5923±443, and 6689±330 or 5276±212 in the S-CA II-RNA and DNA, respectively. In the Figure 2 . Resorbed bone area per osteoclast (OC) after treatment with various concentrations ofantisense or sense DNA±SD. The P values between sense and antisense, and control and antisense (in parenthesis) are shown as asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).
A-CA II-treated samples radioactivity after immunoprecipitation was 1294±189 (A-CA II-RNA) and 2341±133 (A-CA II-DNA).
For cRT-PCR, internal standard RNAs were produced for both CA II and the 16 kD V-ATPase subunit, and this allowed us to examine the effects of the antisense molecules at the mRNA level of the corresponding protein (Fig. 4 B) . cRT-PCR of RNA obtained from osteoclasts treated with sense oligos revealed the expected products for CA II and the 16 kD V-ATPase subunit (Fig. 4 B, lanes 1, 3, and 5 ). In contrast, there were no such cRT-PCR products detected when RNA was obtained from osteoclasts treated with antisense oligos (Fig. 4 B, lanes 2, 4, and 7 ). This suggests that either transcription is inhibited, or the transcribed mRNA is rapidly degraded. In both cases, the amount of mRNA serving as template for translation is decreased.
The accumulation of AO was followed in osteoclasts treated with antisense molecules or specific enzyme inhibitors. AO is a weak base which accumulates into acidic compartments (32) (33) (34) . When present at high concentrations, it forms complexes, resulting in a shift in fluorescence from green to red. A-16-RNA and A-CA II-RNA had opposite effects on intracellular acidification: A-16-RNA (Fig. 5 C) increased AO accumulation into mononuclear cells and osteoclasts, but A-CAII-RNA (Fig. 5 E) decreased AO accumulation. The corresponding sense molecules (Fig. 5, D and F) , or 1 mM amiloride (Fig. 5 B) had no effect on AO uptake compared to control (Fig. 5 A) .
In control cultures, bafilomycin A, inhibited accumulation ofAO into intracellular vesicles partially at 5 nM, and totally at a 10 nM concentration (Fig. 6, A and C) . At 1 nM and 100 pM concentrations, bafilomycin Al had no detectable inhibitory effect on intracellular acidification in the osteoclasts (Fig. 6, E and G). However, when bafilomycin Al was added to A-16-RNA-treated cultures, weakly acidic vesicles appeared in the osteoclasts in the presence of 10 nM bafilomycin (Fig. 6 B) . The amount of acidic vesicles increased when the concentration of bafilomycin Al decreased (Fig. 6 , D, F, and H).
Amiloride treatment inhibits acidification as indicated by decreased AO uptake (Fig. 7 A) . However, when A-16-RNA was added in the presence of amiloride (Fig. 7 B) , or with amiloride and bafilomycin A, (Fig. 7 C) , there is an increased acidification. This suggests that this bafilomycin-resistant, A-16-RNA-induced acidification mechanism is not amiloridesensitive either. These results strongly suggest that the acidification mechanism induced by A-16-RNA is not dependent on a conventional V-ATPase or a Na+/H+-exchanger.
We then studied endosomal acidification using VSV infection, and noticed that A-16-RNA inhibited it in cultured osteoclasts (Fig. 8, A and B) . Infection ofenveloped viruses occurs, when endocytosed viruses fuse with acidic endocytic vesicles (35) . Acidification of endosomes is brought about by V-ATPase, and VSV-infection should be inhibited if the proton pump is blocked by antisense molecules. Any of the senseRNAs did not inhibit VSV infection (Fig. 8, C-F) . Bafilomycin AI is known to block endosomal acidification by inhibiting V-ATPases, and osteoclasts treated with 10 nM bafilomycin A1 were not infected with VSV (Fig. 8, G and H) . When the bafi- lomycin + A-16-RNA-treated osteoclasts were incubated with VSV, no infection was seen (Fig. 8, I and J). This data also suggests that AO accumulation in the presence ofA-16-RNA is not dependent on endosomal V-ATPase.
Discussion
In this study we used the antisense technique to study the roles of V-ATPase and CA II in bone resorption, using two different in vitro bone resorption assays. The number of osteoclasts was the same in antisense-treated and control cultures, indicating that the antisense molecules in themselves were not toxic to osteoclasts (Table II) . In the resorption pit assay (Fig. 1 A) , the antisense molecules were able to decrease the total resorbed area. The effects of V-ATPase and CA II antisense molecules on bone resorption in calvaria cultures (Fig. 1 B) were similar to the results obtained from the resorption pit assay. Antisense DNA and RNA have been used to inhibit the translation of several proteins in vivo and in vitro. They have been used to transfect cells by using an antisense-bearing expression vector (36) (37) (38) , and they have been added to cell cultures in vitro to inhibit cell attachment or expression of different proteins (10, 12, 14, (39) (40) (41) . By these means, up to 95% inhibition of translation has been achieved in some experiments. According to our studies, antisense RNA molecules were more potent inhibitors ofbone resorption than the shorter antisense DNA oligonucleotides. One reason for this could be that the length ofthe RNA nucleotide allows short mismatches without affecting the hybridization efficiency. Even if the added RNA was degraded rapidly in the cells, there would proW ably still be enough short fragments to inhibit translation. It has also been suggested that long nucleic acid strands are transported to cells more efficiently than short oligonucleotides (9) . There may thus also be a smaller concentration of the DNAoligo inside the osteoclasts to inhibit translation. We found no great difference between the inhibitory effects of normal and backbone-modified S-DNA-oligos, indicating that degradation of the normal DNA-oligos in our system was not a big problem (Table II) . In fact, the S-oligos had a smaller inhibitory effect on resorption. This could be due to their poorer capability of passing through the plasma membrane (24, 42) . As little as 100 ng of antisense DNA/ml was enough to decrease bone resorption. When > 1 gg/ml was used, inhibition was not further increased in a linear manner. The results of previous studies have shown that high concentrations of antisense nucleotides may decrease the specificity of mRNA-antisense hybridization, and actually promote nonspecific degradation of mRNA (43) .
On the basis of our immunofluorescence, immunoprecipitation and cRT-PCR results, the antisense-molecules against CA II inhibited the synthesis of CA II protein specifically. For the 16-kD V-ATPase subunit, we were only able to study the effect of the antisense molecules on mRNA levels by cRT-PCR, due to lack of a suitable antiserum. Both CA II and the 16-kD V-ATPase antisense molecules decreased specific mRNA concentrations in the osteoclasts, so that they could not Bar, 10sm. be detected after PCR (Fig. 4, lane 7) . The CA II antisense molecules had no effect on overall protein synthesis, but they decreased translation ofCA II protein, as determined by immunostaining, metabolic labelling and immunoprecipitation (Figs. 3 and 4, A and B, lanes 2 and 4) . Surprisingly, antisense RNA against the 16 kD V-ATPase subunit did not inhibit intracellular acidification, as determined by AO-accumulation studies (Fig. 5 C) . Instead, use of this antisense RNA resulted in enormous accumulation of acidic vesicles inside the osteoclasts. Bafilomycin Al, a specific V-ATPase inhibitor, decreased the accumulation ofacidic vesicles into cultured osteoclasts (Fig. 6, A-D) . However, in the presence of A-16-RNA, a population of bafilomycin-resistant acidic vesicles appeared in the osteoclasts (Fig. 6, E-H) . Thus the acidification system ofthese vesicles differs from a classical vacuolar proton pump and Na+/H+-exchanger, because acid accumulation was not inhibited with bafilomycin A1 or amiloride (Fig. 7) .
To study the endosomal acidification mechanism in A-16-RNA-treated osteoclasts, we used VSV infection as a test (Fig.  8) . When endosomes are neutralized, VSV-infection is inhibited because viruses are not capable of fusing with endosomal membranes at neutral pH (35, 44) . This was confirmed first by blocking VSV infection with bafilomycin A1 (Fig. 8 G) . A-16-RNA treatment inhibited VSV infection, suggesting a specific effect on endosomal acidification (Fig. 8 A) . Sense RNA strands had no inhibitory effect on VSV-infection. These results suggest that the acidic vesicles which were formed in A-16-RNA-treated osteoclasts may not have been endosomes.
However, we cannot exclude the possibility that A-16-RNA treatment may have disturbed vesicle transport in the osteoclasts, preventing internalization of the VSV.
We do not know the mechanism by which antisense-molecules enter the osteoclast. Because they are phagocytosing cells, the antisense-molecules may be taken into the cells by phagocytosis. Previously described receptor-mediated endocytosis may also be involved (9) . However, it is most unlikely that the long RNA molecules, or even the 1 8-mer DNA-oligos, could enter the osteoclasts passively.
We have shown that osteoclastic bone resorption can be inhibited by antisense RNA-and DNA-molecules in vitro. These data confirm that antisense-molecules enter osteoclasts, and that they inhibit protein synthesis specifically. Our results also open a new, interesting possibility of using these antisense molecules in vivo. The use of small, osteoclast-specific antisense oligonucleotides against functionally important gene products, may give us a new potential therapeutic approach in bone resorption disorders.
